cat# 042-206), anti-mouse secondary antibody (Proteinsimple, cat# 042-205), and horseradish peroxidase-conjugated goat anti-mouse IgG antibody (Jackson ImmunoResearch Laboratories)].
Generation of Gdpd1 and Gdpd4 mutant mice with CRISPR/Cas9. Gdpd1 and Gdpd4 mutant mice were produced by microinjection of pX330 plasmid (https://www.addgene.org/42230/) into mouse embryos as described previously (11, 12) . A search for sgRNA and off-target sequences was performed using CRISPRdirect software (https://crispr.dbcls.jp/) (13) . The sgRNA sequence used for microinjection were: 5'-GAGAAGGCAAAAAGCCGCGG-3' for the first exon of Gdpd1 and 5'-CAGGGAGAATAAATCCCCAG-3' for the ninth exon of Gdpd4 (targeted for the common exon of several variants). Each sgRNA was injected into the pronuclei of fertilized eggs. The 2cell stage embryos were transferred into the oviducts of pseudopregnant ICR females the next day. Gdpd1 mutant mice had a 20 bp deletion (5'-TCGTCCACCGCGGCTTTTTG-3') in the first exon. Gdpd4 mutant mice had a 1 bp deletion (5'-G-3') and a 19 bp deletion (5'-ACTGGGGATTTATTCTCCC-3') in the ninth exon. The primers used are listed in Table S3 . Detailed genotype information of mutant mouse lines is shown in Figure S7 and S8.
Immunostaining. Immunostaining was performed as described previously (8, 14) . A confocal microscopic observation was performed as described previously (15) .
Generation of Lypd4 knockout mice. A 2.7-kb AscI-KpnI fragment as a short arm and a 5.6-kb NotI-SalI fragment as a long arm were obtained by PCR using genomic DNA derived from C57BL/6N mice as a template. Both arms were inserted into a pNT1.1 vector (https://www.ncbi.nlm.nih.gov/nuccore/JN935771). After linearization with NotI digestion, the targeting vector was electroporated into EGR-G01 (129S2 x [CAG/Acr-Egfp]C57BL/6NCr) embryonic stem (ES) cells (16) , and colonies were screened. To disrupt the Lypd4 gene, fourth and fifth exons were replaced with a FRT-flanked neo cassette, and a thymidine kinase (tk) expression cassette was used for negative selection. After G418 selection, 14 of 96 drugresistant clones had a homologous recombination event after PCR analysis. The mutant ES cell clones were injected into 8-cell stage ICR embryos, and the chimeric blastocysts were transferred into the uterine horns of pseudopregnant ICR females the next day. The obtained chimeric males were mated with B6D2F1 females for germ-line transmission. Offsprings from heterozygous intercrosses were genotyped by PCR. Both a 496-bp band as the wild-type allele and a 295-bp band as the knockout (KO) allele were amplified by PCR. The primers used are listed in Table S3 .
Phase separation of Triton X-114 extracts of spermatozoa. Phase separation of Triton X-114 sperm extracts was performed as previously described with minor modification (17) . Briefly, spermatozoa were collected from cauda epididymis and vas deferens into PBS and then centrifuged at 3,000 rpm for 5 min at 4℃. The sperm pellets were sonicated with a sonicator (SLPe, Branson Ultrasonics, CT, USA) in PBS that contained 1% Triton X-114 and 1% protease inhibitor cocktail. Sonicated samples were incubated for 1 h on ice with occasional vortexing. After centrifuging at 15,000 rpm for 30 min at 4℃, the supernatants were collected in new microtubes. After incubation at 37℃ for 15 min, the tubes were centrifuged at 2,500 rpm for 15 min at room temperature to separate the Triton X-114 extract into the detergent-depleted phase and detergent-enriched phase. The supernatants were collected as a detergent-depleted phase. After removing the inner layer, PBS was added to the pellet and re-suspended as a detergentenriched phase. The separated detergent-depleted and detergent-enriched phases were mixed with SDS-sample buffer, and subjected to SDS-PAGE and immunoblot analysis.
Generation of Ace-t mutant mice with CRISPR/Cas9. Testicular Ace (Ace-t) transcribes from the thirteenth exon of Ace gene as the first coding exon. The thirteenth exon transcribes only for Ace-t expression. To disrupt only ACE-t, we designed sgRNAs into the thirteenth exon. Ace-t mutant mice were produced by the transfection of pX330 plasmids into mouse ES cells, EGR-G101 [C57BL/6N-Tg(CAG/Acr-Egfp) x C57BL/6N-Tg(CAG/Acr-Egfp)], as described previously (16, 18) . A search for sgRNA and off-target sequence was performed using CRISPRdirect software (http://crispr.dbcls.jp/). After the validation of EGFP expression assay (12) , the sgRNA sequence used for transfection were: 5'-GGCCAAGGTTGGGCTACTCC-3' and 5'-TCTTTCTGCTGCTCTGCTGT-3'. Screening of ES cell clones was performed by direct sequencing following PCR. The primers used are listed in Table S3 . 12 of 13 clones were introduced indel (insertion/deletion) mutations screened by direct sequencing. The mutant ES cell clones were injected into 8-cell stage ICR embryos, and chimeric blastocysts were transferred into the uterine horns of pseudopregnant ICR females the next day. The obtained chimeric males were mated with B6D2F1 females for germ-line transmission. Ace-t mutant mice had a 37 bp deletion (5'-CTCCAGGACTGCCCAGCTTCCTCTTTCTGCTGCTCTG-3') in the thirteenth exon. The reproductive phenotype of Ace KO mice was reported previously (17) . -20/-20 males were mated with wild-type females for several months. Gdpd1 -20/-20 males were fertile, showing normal mating behavior with successful ejaculation and vaginal plug formation. The mean litter size was 9.0 ± 1.9 (total litter number: 6). Moreover, Gdpd1 was expressed in not only testis but also ovary ( Figure S7A ). Even Gdpd1 mutant females were fertile (mean litter size: 9.0 ± 1.0, total litter number: 5). The 1 bp and 19 bp deletions caused a frameshift mutation leading to a premature termination codon after the amino acid 266th and 260th, respectively (632 amino acids in wild-type mice). To examine male fertility, adult Gdpd4 -1/-19 males were mated with wild-type females for several months. Gdpd4 -1/-19 males were fertile, showing normal mating behavior with successful ejaculation and vaginal plug formation. The mean litter size was 9.0 ± 1.1 (total litter number: 11). Although ADAM3 was detected in both the detergent-depleted and detergentenriched phases of wild-type and Lypd4 KO spermatozoa, the bands in both phases of Lypd4 KO spermatozoa were weaker than that of wild-type spermatozoa. Immunoblot analysis using Triton X-100 extracts of cauda epididymal spermatozoa also showed that the amount of ADAM3 in Lypd4 KO mice decreased compared to wild-type mice ( Figure 7B ). IZUMO1 (which contains a transmembrane domain) and SPESP1 (which localizes to the sperm equatorial segment) were used as control proteins, and they were distributed in the detergent-enriched and detergentdepleted phases, respectively. There are two isoforms of ACE, somatic and testicular types. Somatic Ace (Ace-s) mRNA consists of all 26 exons except the 13th exon which is spliced, and testicular Ace (Ace-t) mRNA is used exons 13 to 26. Thus, 13th exon (red box) is expressed only in the testis. Scale bar: 1 kb. (B) Targeting scheme of the 37 bp deletion in the mouse Ace locus. Gray indicates coding region of 13th exon (red: start codon). Yellow indicates sequence of 37 bp deletion. Arrows indicate gRNA sequences (#1 and #2). (C) Waveforms of direct sequencing of the 37 bp deletion (5'-CTCCAGGACTGCCCAGCTTCCTCTTTCTGCTGCTCTG-3') in Ace gene. PAM (protospacer adjacent motif) sequence serves as a binding signal for CAS9. (D) Immunoblot analysis of ACE using TGC lysates from Ace-t -37/-37 (KO) mice. BASIGIN was used as a loading control. (E) Observation of ZP-binding in wild-type and Ace-t KO spermatozoa. Ace-t KO spermatozoa had an impaired ZP-binding ability in vitro as reported previously. Scale bars: 50 μm. Table S1 . RNA-seq RPKM values of genes expressed in multiple tissues. Table S2 . List of primers. Table S3 . List of primers (continued).
